We study the interference patterns obtained from the superposition of two Bessel beams originated from a quantum two-photon state produced by a spontaneous parametric down-conversion process. Due to the nondiffracting character of the light beam, a self-imaging effect is found along the propagation direction for second-order interference patterns with periodicity proportional to / 2, characterizing a two-photon Talbot effect. Conditional interference patterns in the longitudinal plane are theoretically shown as well.
I. INTRODUCTION
Bessel beams ͓1,2͔ have been the subject of intense investigations because of their important nondiffracting properties, which allow them to propagate without appreciable divergence for several Rayleigh lengths. These beams have been explored in a number of scenarios ͓3͔, for example, optical tweezers ͓4͔, atom trapping ͓5͔, and for determining the orbital angular momentum of a photon ͓6͔. Some interesting investigations of these beams include the interference patterns obtained from the superposition of two coherent Bessel beams, which have been obtained theoretically ͓7͔ and experimentally ͓8͔. These patterns revealed interesting and useful features, like a self-imaging effect in the propagation direction and the possibility of controlling the rotation of microparticles ͓9͔.
In the context of periodic structures, the self-imaging effect ͓10͔ appears in the near-field diffraction pattern of light waves. Actually, this effect was first noted by Talbot in 1836, who observed repeated patterns at regular distances of a diffraction grating ͓11͔. This regular distance is the so-called Talbot length l T = d 2 / , where d represents the spatial period of the pattern and the light wavelength, and the repeated images are the so-called Talbot images or self-images. Nowadays, the Talbot effect has been demonstrated in many other areas of physics, such as atomic waves ͓12͔, macroscopic coherent Bose-Einstein condensates ͓13͔, and in the interferometry of large C 70 fullerene molecules ͓14͔. More recently, a discrete Talbot effect in waveguide arrays has been reported ͓15͔.
Talbot images in the pattern of interfering Bessel beams have only been obtained within a classical description of the optical field. The measurements of these interference patterns are equivalent to a first-order correlation, because two field amplitudes are involved.
On the other hand, second-order correlation of light generated by spontaneous parametric down-conversion ͑SPDC͒ has provided a wide variety of novel phenomena, including many with nonclassical behavior. The transverse properties of down-converted photons have been explored in quantum imaging formation ͓16͔, quantum lithography ͓17͔, and, more recently, in the generation of entangled qudits ͓18-20͔, to name just a few examples. So far, only transverse spatial properties of these photons have been exploited. In this paper, we present a theoretical analysis of the behavior of spatial interference patterns in the propagation direction of photons generated by the SPDC process.
Inspired by the classical Talbot effect with Bessel beams, we will investigate their quantum counterpart using entangled photons as the light source, and show that the second-order correlation function exhibits conditional interference patterns in the propagation direction. Furthermore, just as the de Broglie two-photon wavelength of an entangled photon pair is half the conventional wavelength, we find the same signature of biphoton behavior ͓21͔: the periodicity of the interference pattern is / 2 not only in the transverse plane but also along the propagation direction, thus characterizing a two-photon Talbot effect.
II. BASIC THEORY
The setup for the theoretical model is depicted in Fig. 1 . Down-converted photons are generated in a noncollinear phase-matching condition. The photon pairs go through double annular slits A s ͑ s ͒ and signal ͑idler͒. After being scattered by the apertures, the photons are detected in coincidence.
The state generated by SPDC in the monochromatic, paraxial, and thin nonlinear crystal approximations can be written as ͓22͔
where q s and q i are the transverse projections ͑plane x-y͒ of the signal and idler wave vectors, respectively, and ͑q s + q i ͒ is the entangled angular spectrum transferred from the pump beam to the two-photon state. ͕͉1,q s ͖͘ represent Fock states with one photon with the q s wave vector while ͉0͘ stands for the vacuum state.
The transmitted electric field operator is obtained by analogy with the classical calculation of the electric field transmitted through an aperture when the angular spectrum is known ͓23͔. Therefore, we substitute classical vectors with quantum operators in order to describe the angular spectrum transmitted through a transverse aperture located at z A . In the paraxial approximation, the transmitted electrical field operator at a point ͑ , z͒ can be written as ͓21͔
where â is the annihilation bosonic operator and zЈ = z − z A is the distance from aperture to detector. The function T͑q − qЈ͒ represents the inverse transform of the aperture transmission function A͑͒. Let us now investigate the pattern generated by coincidence detection of signal and idler photons. To this end we evaluate the spatial second-order correlation function, which is proportional to the coincidence photodetection rate,
͑3͒
The expression ͑3͒ is calculated using the multimode twophoton wave function described in Eq. ͑1͒ and the transmitted electrical field operator, Eq. ͑2͒. After some algebra we have 
where the ␦ function represents a slit, that is,
By introduction of transverse polar coordinates for both coordinates and according to
the coincidence function becomes
where the argument of the Bessel function reads
with j =1,2. r 1 and r 2 are the radii of the inner and outer slits, respectively, and J 0 represents a Bessel function of zeroth order. It should be noted here that this expression is similar to the intensity of the optical field evaluated in a classical approach with a modulation appearing in the last term yielding a periodic evolution of the intensity along the propagation direction z ͓7͔. Observe also that a periodic structure in the propagation direction is also found here in the last term of Eq. ͑6͒. Experimentally, a screen with two annular slits could be placed at some distance from the crystal in the path of each one of the down-converted photons, followed by a lens, as illustrated in Fig. 1 , to produce interfering Bessel beams ͓8͔. High transmission efficiency can be obtained by replacing the screen by holograms or optical modulators. To increase the spatial correlation between the twin photons, for example, the pump beam profile should be focused on the aperture plane ͓24͔. The detection procedure follows the standard coincidence detection system, where the detectors are displaced along the plane orthogonal to the optical table and along the propagation direction according to the various situations investigated.
III. RESULTS AND DISCUSSION
The main result of this paper is represented in Eq. ͑6͒. Figure 2͑a͒ shows the second-order interference pattern obtained by scanning the idler detector ͑D i ͒ along the transverse x-y plane while keeping the signal detector ͑D s ͒ fixed at position s = 0. It is important to note that in this figure both detectors are positioned at the same distance z i Ј= z s Ј= zЈ from the crystal. Figure 2͑b͒ shows the modulation along the propagation direction z i Ј when the idler detector is scanned along the propagation direction and along the transverse coordinate x , y while the signal detector is kept fixed. In our calculations, we have considered that both idler and signal photons are generated by type I or type II noncollinear SPDC at the wavelength s = i = 702 nm when light from a 351 nm pump laser beam is incident on a nonlinear crystal. Furthermore, we have considered z A s = z A i = z A = 40 cm, where z A s ͑z A i ͒ is the distance from the crystal to object A s ͑A i ͒ placed in the signal ͑idler͒ path, r 1 = 0.2 cm, and r 2 = 0.4 cm.
By inspection of Eq. ͑6͒ with z s Ј fixed, one finds that the periodicity along the propagation direction exhibited in Fig.  2͑b͒ is characterized by the spatial period z T c ϰ 4
We may also control the second-order interference longitudinal pattern ͓24͔. To illustrate this feature, Fig. 3͑a͒ shows a second-order interference pattern obtained when detector D i is fixed while detector D s is moved. In Fig. 3͑b͒ it is shown that the positions of the minima correspond to the maximal positions of the fringes presented in Fig. 3͑a͒ . Therefore, in this case the displacement undergone by detector D i corresponds to the distance between a maximum and a minimum of the interference fringes. The fact that one may shift the fringes' location by changing the position of a given detector, keeping a high visibility of the interference pattern, may reflect a nonclassical behavior, a consequence of the entangled nature of the twin photons. It has been shown that conditional interference can be used to distinguish quantum from classical correlation ͓18͔. Figure 4 illustrates the spatial evolution of the superimposed Bessel beams for over five periods. In this case, both detectors were displaced simultaneously in the same manner along the x , y , z directions. We can see an interference pattern similar to the one depicted in Fig. 2͑b͒ in which one can clearly identify the self-imaging Talbot effect. The difference between these two results lies in the period of the pattern, which is doubled in Fig. 4 , meaning that the probability amplitude for detecting in coincidence is a function of / 2, and not of as in the case of Fig. 2͑b͒ . Figure 4 exhibits a Talbot effect with a period that is half of the period in Fig. 2͑b͒ , that is, 
corroborating the biphoton concept and characterizing the two-photon Talbot effect. It is worth mentioning that the period is halved not only along the propagation direction but also in the transverse plane, characterizing a two-photon three-dimensional ͑3D͒ imaging.
IV. CONCLUSIONS
We have theoretically studied the formation of interference patterns obtained from the superposition of two Bessel beams produced by an entangled twin photon light source. We have evaluated second-order correlation functions demonstrating the existence of second-order Talbot images. In addition, a conditional Talbot effect was demonstrated by showing that the interference pattern along the propagation direction depends on the idler and signal detector positions. A two-photon Talbot effect signature was shown with the periodicity of the interference patterns in the longitudinal plane proportional to / 2. Furthermore, the periodicity of the interference pattern in the transverse plane had a resolution of / 2 in both x and y directions. This last result suggests that 3D images with two-photon entangled Bessel beams may be useful in 3D quantum lithography ͓25͔.
